Sortase (a transamidase) has been shown to be responsible for the covalent attachment of proteins to the bacterial cell wall. Anchoring is effected on secreted proteins containing a specific cell wall motif towards their C-terminus; that for sortase A (SrtA) in Gram positive bacteria often incorporates the sequence LPXTG. Such surface proteins are often characterised as virulence determinants and play important roles during the establishment and persistence of infection. Intra-mammary infection with Streptococcus uberis is a common cause of bovine mastitis, which impacts on animal health and welfare and the economics of milk production. Comparison of stringently produced cell wall fractions from S. uberis and an isogenic mutant strain lacking SrtA permitted identification of 9 proteins likely to be covalently anchored at the cell surface. Analysis of these sequences implied the presence of two anchoring motifs for S. uberis, the classical LPXTG motif and an additional LPXXXD motif. 
Introduction
Virulence determinants associated with the bacterial cell surface play an important role in the persistence and pathogenesis of bacterial infections through such processes as adherence to, and invasion of, host cells and subversion of the host response 1 . The proteins involved are often candidates for inclusion in vaccines or targets for new therapeutic agents 2, 3 .
The surface of Gram-positive bacteria is decorated with many different macromolecules, including carbohydrates, teichoic acids, polysaccharides and proteins. In many species a subset of surface proteins have been reported to be covalently linked to the peptidoglycan matrix of the cell wall 1, 4, 5 . In almost all studies to date, in Gram positive bacteria, several Archaea and Gram negative Proteobacteria, the mechanism of the covalent attachment of proteins relies on the transamidase, sortase 6 . Sortase was first described in Staphylococcus aureus 7 and presently, five different classes of sortase enzyme have been identified in Gram positive bacteria 8, 9 . Each class has been reported to anchor a specific and discrete subset of proteins by recognition of a distinct pentapeptide motif within a suitable context within the substrate protein.
The majority of covalently attached proteins are anchored by a single transpeptidase, sortase A (SrtA). Bacteria deficient in SrtA display an altered array of surface proteins and often altered virulence characteristics due to the lack of properties specifically associated with the sortase substrate proteins 5 . Anchoring of proteins by SrtA is dependent on the substrate containing a signal peptide and a cell wall sorting motif. In many studies this has been shown to consist of a penta-peptide, typically, but not exclusively, documented as LPXTG. This is typically followed by a C-terminal hydrophobic region and a short tail of charged amino acids at the C-terminus 10 . In most cases, the sorting motif is located towards the C-terminus of the anchored protein, however in one case, an IgA protease from Streptococcus pneumoniae, a functional sorting motif was demonstrated towards the N-terminus of the protein 11 .
Characterization of the activity and specificity of SrtA has been based primarily on studies conducted on Staphylococcus aureus. In general, covalent attachment to the peptidoglycan follows secretion of the substrate protein via the Sec pathway and the concomitant cleavage of the N-terminal signal sequence (reviewed with particular reference to streptococcal and mycobacterial species in Rigel and Braunstein 12 ). The secreted protein which is retained at the bacterial cell surface due to the hydrophobic domain and the positively charged C-terminus, is cleaved by SrtA between the threonine and glycine of the LPXTG motif 13, 14 . SrtA subsequently effects the formation of a new amide bond between the resulting C-terminal threonine and the amine group of the penta-glycine peptides that form cross-bridges within the peptidoglycan 15 . In streptococci the process is considered similar except that anchoring occurs between the substrate protein and the respective cross bridging peptide, penta-glycine being exclusive to Staphylococci. A recombinant version of SrtA from S. pyogenes was shown in vitro to catalyse the transpeptidation of LPXTG containing peptides to a di-alanine cell wall precursor mimic 16 .
Combining data from in silico genomic searches using algorithms such as PSORT with that from experimental detection of proteins in bacterial extracts 17, 18 , has enabled identification of putative SrtA substrates. Alternatively, in silico analysis of genomic sequences utilising hidden Markov models 19 or the generation of alternative pattern searching algorithms 4 have provided definitive lists of putative SrtA substrates that can be validated experimentally. However, sortase-anchored proteins that do not contain typical cell wall sorting motifs may not be identified using such approaches.
Experimental identification of SrtA anchored proteins has proven difficult due to the presence of contaminating proteins. This has necessitated the production of extracts from highly purified cell wall fractions for analysis. A number of studies have used 2-DE and/or LCMS to identify sortase anchored proteins from bacterial cell wall fractions of staphylococcal and streptococcal species [20] [21] [22] [23] [24] [25] [26] . These studies focused on analysis of fractions generated using cell wall hydrolysing enzymes such as mutanolysin or lysostaphin under osmotically protected conditions in an attempt to release proteins specifically from bacterial peptidoglycan. However, in almost all cases, the number of covalently anchored proteins identified was much lower than that predicted by bioinformatic analysis of the genome sequence. This may reflect the low abundance or lack of expression of these proteins in vitro, or may be due to inadequate separation and resolution of the target proteins; particularly during the isoelectric focusing of highly hydrophobic, highly basic, highly acidic or very large or small proteins attached to fragments of peptidoglycan 27, 28 . Direct tryptic-digestion of purified cell wall fractions 29, 30 or shaving of intact bacterial cells with trypsin 18, 31 and detection of the resulting peptides by LCMS/MS has been applied to identify increased numbers of surface associated proteins.
Streptococcus uberis is one of the most common pathogens associated with bovine mastitis 32, 33 and impacts on animal health and welfare and the economics of milk production. .
In this communication, we compared the proteomic analysis of tryptic peptides shaved from isolated cell walls of S. uberis and an isogenic, sortase-deficient mutant and discuss the output in the context of the identification/validation of SrtA anchored proteins, the sorting motif and the specificity of SrtA.
Methods

Bacterial strains and reagents:
S. uberis strain 0140J (strain ATCC BAA-854 / 0140J), originally isolated from a clinical case of bovine mastitis in the UK, was used throughout this study. The SrtA mutant was isolated following PCR screening of a S. uberis 0140J pGh9::ISS1 mutant bank 35 following a similar protocol to that described previously 36 . The bacterium was routinely grown in Todd Hewitt (THB) or Brain Heart Infusion (BHI) broth (Oxoid Ltd, Cambridge UK) at 37 o C.
Isolation of cell wall proteins:
Cell wall protein isolation was adapted from methods previously described 30, 37 . Briefly, Production and purification of recombinant sub0826, sub1154 and sub1370
The predicted mature coding sequence of sub0826, sub1154 and sub1370 were The raw mass spectral data was processed with ProteinLynx Global Server 2. . Decoy database searches were performed with a randomised sequence database of S. uberis 0140J and revealed a false discovery rate for peptide matches above an identity threshold of less than 4%. The score threshold for acceptance of a positive protein identification was ≥50 and with a requirement of a minimum of two unique peptide per protein hits.
Results
Characterization of S. uberis SrtA mutant
A SrtA mutant was isolated containing the 808bp, ISS1 element inserted between base pairs 248 and 249 of srtA in the reverse orientation. A translation product of the first 82 residues of the 252 amino acids of SrtA was predicted which extended 18 residues into the ISS1 element before a stop codon was reached. Based on homology with known SrtA protein sequences, including those from the S. aureus and Streptococcus pyogenes, the predicted product did not contain the active site domain of SrtA (Fig. 1 ).
Sequence analysis revealed that the catalytic site of S. uberis SrtA most likely lies between residues 84-252. The SrtA deficient mutant showed no differences in colony morphology or growth rates in Todd Hewitt (THB), brain heart infusion broth (BHI) or raw bovine milk in comparison with the wild-type strain (data not shown).
Analysis of wild type and SrtA deficient Streptococcus uberis cell wall proteomes under different growth conditions
To determine which proteins were likely to be attached to the cell wall by SrtA, stringently washed cell wall preparations were generated from the wild type and SrtA mutant strains. Cell wall derived peptides were obtained from both exponential (OD550nm = 0.6) and stationary (OD550nm > 1) phases of growth and from two different growth media (THB and BHI) and subjected to reverse-phase LCMS/MS for identification.
Each protein from wild-type S. uberis identified as per the defined criteria (Materials and methods) was subjected to further analysis (Supplementary Tables 1 and 2 ) and compared with a similar data set generated from cell wall peptides of the SrtA mutant under the same growth conditions.
Cell wall fractions from wild type S. uberis grown in either THB or BHI media yielded a total of 17 and 13 protein identities, respectively (Supplementary Tables 1 and 2 ). The total number of unique proteins identified from the growth conditions was relatively limited (20 proteins), which can probably be attributed to the stringent conditions used in the production of the cell wall fractions.
The amino acid sequence of each identified protein was analysed for typical characteristics of SrtA anchored substrates. Of the proteins detected in the wild type strain, nine showed typical characteristics of SrtA anchored proteins; i.e. an LPXTG-like motif, the presence of a signal peptide and regions of C-terminal hydrophobicity ( Table   1 ). The presence of these proteins within the corresponding sample from the SrtA mutant (Supplementary Tables 1 and 2 ) was also determined. Of the putative SrtA anchored substrates only one, sub0145, was detected in any of the samples generated from the SrtA mutant strain, grown in BHI media. In this case, the SrtA mutant samples yielded 5 peptides compared to 26 unique peptide matches from the equivalent wild type fractions (Supplementary Table 2 ).
Two putative SrtA substrate proteins were identified exclusively in extracts from THBgrown stationary phase cultures; a predicted subtilase-like serine protease (sub0826) and collagen-like protein (sub1095). Both proteins showed sequence similarities to other proteins known to be anchored in streptococci. In each case, three and two peptides respectively were identified for these proteins (representing coverage of 1.9 and 4.1 %, respectively of the total sequence). The low prevalence of peptides from each of these proteins may suggest their low abundance under the growth conditions tested, however, neither was identified in any SrtA mutant derived sample. Rabbit antisera directed against sub0826, sub1154 or sub1370 were used to detect the presence of these proteins in concentrated culture supernatants of S. uberis 0140J and the SrtA mutant. The proteins corresponding to sub0826, sub1154 and sub1370 were detected in far greater abundance in the growth media obtained from the SrtA mutant (Fig. 2) , however in each case a trace of the full length protein was detected in culture supernatant from the wild type strain.
Discussion
In this study, we demonstrate the utility of a method of stringent cell wall isolation coupled with LCMS/MS to analyse strains of S. uberis with and without sortase A (SrtA).
This enabled identification of nine proteins that were specifically associated with wild type cell walls; any or all of which may contribute to the interactions between S. uberis and its surrounding environment.
Unlike many other streptococci, S. uberis 0140J has a single sortase (sub0881; srtA)
within its genome 34 . Analysis of this revealed an N-terminal region of hydrophobic amino acids containing both a membrane anchoring motif and a signal peptide in addition to the conserved sortase signature (TLXTC) containing the essential catalytic cysteine residue 40 . These features are indicative of a secreted protein that is retained at the cytoplasmic membrane. Protein sequence comparison by BLASTP showed the sequence had the highest sequence identity with SrtA from two other pyogenic streptococci; Streptococcus equi subspecies zooepidemicus (79%) and S. pyogenes (71%) (Fig.1) . In contrast, the sequence similarity to SrtA from S. aureus is approximately 31%.
To identify proteins that were likely to be anchored by SrtA, we focused on the analysis of proteins which were strongly associated with the bacterial peptidoglycan of the wild type strain. The harsh purification process that was used to enrich cell wall fractions via differential centrifugation and prolonged heating in the presence of SDS has been previously demonstrated to significantly increase the numbers of identified, covalentlyanchored proteins 29, 30 . In our study, we identified 9 proteins likely to be anchored by sortase within a total of 20 identified proteins. Initially, peptides isolated from cell wall fractions from exponentially growing and stationary phase cultures from each growth medium were analysed by LCMS/MS separately in order to maximise the potential for protein identification induced from the different growth conditions. However, no proteins were identified exclusively during early phases of growth. Due to the limited number of spectra obtained for analysis, which can probably be attributed to the stringent conditions used to obtain the purified cell walls, the peaklists generated for each strain grown in either THB or BHI medium at different stages of growth were combined. A decoy-database search allowed estimation of a false discovery rate of less than 4% of the peptides above identity scores. By limiting positive identities to those with MASCOT Mowse scores higher than 50 and only analysing protein identities with more than two unique peptide hits, the confidence in positive identification for these proteins was significantly higher. Furthermore, by analysing each protein identity for typical characteristics of SrtA anchored proteins and cross referencing for the absence of these proteins in cell wall fractions from the SrtA mutant, we could confirm the presence of nine SrtA anchored proteins.
Most of the identified proteins were present on cell walls from bacteria grown in both THB and BHI media, with two exceptions; the subtilase-like serine protease, sub0826
and the collagen-like protein, sub1095. These were only detected on cell walls from bacteria grown in THB. It is possible these proteins are specifically regulated; induced in THB or repressed in BHI.
The list of SrtA-anchored proteins detected and identified during this investigation correlated well with that predicted during bioinformatic annotation of the completed genome sequence 34 . The prediction identified nine CDSs with characteristics consistent with SrtA anchored substrates and a further four CDSs that showed strong homology to proteins known to be anchored in other streptococci. The latter group, however, did not contain typical (LPXXG) anchor motifs and were considered to be possible rather than probable SrtA anchored sequences. Of the thirteen CDSs identified three (sub0164, sub0764 and sub1739) were considered pseudogenes and one (sub0348) was considered to be a gene fragment. Eight of the nine remaining predicted SrtA anchored substrates were identified in the present investigation. The failure to detect one putative cell wall anchored protein identified from the genome as sub0241 may be due to the low abundance of this protein in the fractions analysed, or possibly due to lack of expression under the in vitro growth conditions used. Not unsurprisingly no peptides corresponding to the pseudogenes or the gene fragment were detected.
This investigation therefore confirmed the likely cell wall anchoring of those CDSs with atypical sorting motifs identified during genome annotation (sub0135, sub0826 and sub1154). Additionally, the present study identified a further protein likely to be anchored by SrtA (sub1370) that was not identified by bioinformatics.
In the absence of the SrtA enzyme, proteins normally anchored at the surface are likely to be released directly into the bacterial growth media. Indeed, the selective release of three such proteins (all putatively identified as proteases) containing non-typical anchoring motifs (sub0826, sub1154 and sub1370) was confirmed by immunoblotting of concentrated culture supernatants; providing further evidence that despite the absence of an LPXTG/LPXXG motif these proteins were anchored to the bacterial cell by SrtA.
Of the nine proteins identified as SrtA anchored in this study, a number show similarity to known streptococcal virulence determinants or known cell wall anchored proteins. The putative fructan beta-fructosidase FruA (sub0135), shares 55% similarity at the protein level with a fructan hydrolase of Streptococcus mutans, an enzyme required for the transport or metabolism of sucrose 41 . Localisation of this enzyme has found it to be either secreted 42 or anchored to the cell wall 43 depending upon growth conditions. It is thought that the enzyme is anchored to the cell wall and released in response to an environmental stimulus, much like the anchored protein WapA of S. mutans 44 . The product of the CDS sub1154 shows similarity to the C5a peptidase of S. pyogenes (34% similar at the protein level), another cell wall anchored virulence determinant of streptococci 45 . This enzyme is also released from the cell wall with the resulting fragment capable of inhibiting the recruitment of phagocytes to the site of infection , whilst that from Lactobacillus plantarum recognises LPQTXE as a motif 19, 53 .
In streptococcal species most anchored proteins conform to the traditional LPXTG motif;
however, there are a number of exceptions. Apart from the four proteins with alternate anchoring motifs in S. uberis identified in this study, a number are also found in S. agalactiae, S. equi, S. pyogenes and one in S. pnemoniae (Table 2) . One common feature to most of these proteins is an LPXTXD/E motif which suggests another kinetically favoured anchoring motif exists when the 5 th residue has been modified from the traditional glycine. It appears that the conformation of the protein at this region, or indeed the proximity of acidic residues at position 6 of this motif may be equally important for cell wall anchoring by the SrtA enzyme in the absence of the LPXTG motif.
The implication of this finding is that some SrtA anchored proteins of other bacterial species may have been disregarded, particularly during comparisons conducted exclusively in silico. For example, analysis of the S. uberis genome for proteins with an N-terminal signal peptide, a carboxy terminal LPXXG motif, a C-terminal hydrophobic region and a tail of charged amino acid residues identifies 9 potential SrtA substrates containing LPXTG with a further two possessing LPXAG motifs. Each of these proteins is recognised as an anchored protein by the cellular localization program PSORT 54 .
Additionally, the proteins sub0135, sub0826 and sub1154 are identified by PSORT as cell wall anchored, based on solely on similarity with other known SrtA anchored proteins. The S. uberis carboxypeptidase sub1370 is not identified, however, using PSORT and is not identified using other programs designed to identify cell wall attached proteins 4, 19 . It was only the direct experimental comparison of cell wall peptides from wild-type and the SrtA isogenic mutant in this study that identified this protein as covalently anchored. Further analysis of the S. uberis genome searching for other LPXXXD/E motifs and proteins with typical sortase anchoring characteristics did not reveal any further potentially SrtA-anchored proteins.
In conclusion, the ability to obtain highly purified peptidoglycan enriched fractions of the Immunoblots of protein extracts from S. uberis 0140J and the srtA mutant probed with rabbit antisera generated against Sub0826 (A), Sub1154 (B) and Sub1370 (C Sortase (SrtA) is responsible for covalently anchoring a subset of proteins to cell walls of Gram positive bacteria, often through a C-terminal motif of LPXTG. In the absence of SrtA, these proteins are either released or retained only loosely on the bacterial surface. Such anchored proteins are frequently characterised as virulence determinants and considered prime targets for therapeutics and vaccine development. Intra-mammary infection with Streptococcus uberis is one of the most common causes of mastitis in UK with major economic and animal welfare implications. Comparison of trypsinised stringent cell wall extracts of S. uberis and a srtA mutant by LCMS/MS allowed the identification of nine proteins likely to be anchored by SrtA. Two anchoring motifs are present in this protein subset, the traditional LPXTG and the alternate LPXXXD/E, which highlights the potential for the presence of alternate cell wall anchoring motifs for this and a number of other streptococcal species.
